Much interest has recently been aroused in the field of antibiotics by two distinct but related problems. The first concerns the possibility that in certain types of infection, notably subacute bacterial endocarditis, the bactericidal action of a drug is of greater therapeutic significance than the inhibitory effect (Hunter 1950; Robbins and Tompsett, 1951 ; Cates, Christie, and Garrod, 1951) . The second problem is the action of antibiotics used in combination. In this respect the findings of many workers indicate that different mixtures may show augmented or diminished bactericidal effect, and the result may be influenced by the species or strain of organism tested (Jawetz, Gunnison, Bruff, and Coleman 1952; Bliss, Warth, and Long, 1952 Materials Construction of the "Stamps."-Discs, 3 cm. tnick and of a diameter slightly less than that of the Petri dish with which they are to be used, are made from well-seasoned, close-grained wood. The parallel faces are " band-faced" to give a smooth plane surface. An even layer of " copydex " latex adhesive sufficiently thick to hide the grain of the wood is rapidly brushed over one face and a piece of velvet is smoothed on to it with the pile facing away from the wood. After about two minutes the edge of the velvet is trimmed to the size of the disc. Good-quality furnishing velour of about 2.5 mm. thickness with a close pile has been found suitable: dress material is unsatisfactory. A set of stamps so prepared is sterilized by autoclaving: any which become warped as a result have to be discarded. Pairs of stamps with the velvet faces in contact can be stored ready for use. One stamp may be used many times, but if its velvet surface becomes matted or uneven, the fabric should be replaced.
Primary Plates. carrying colonies sufficiently dispersed. The experiment was repeated three times with a staphylococcus as test organism and three times with a coliform bacillus. The results showed a transfer of between 1 in 60 and 1 in 27 (average 1 in 40) of the organisms on the primary plate. It was also estimated that the surface inoculation produced by flooding a plate with an undiluted young broth cuilture was of the order of 5 mi!lion bacteria per sq. cm.
(2) The transfer factor of about I in 40 obtained by the method described was of necessity determined from primary plates carrying not more than a few hundred bacteria per sq. cm. It seemed possible that a much smaller fraction of organisms might be transferred from an area bearing several millions of bacteria per sq. cm., and it was important to determine this directly, since this was the inoculum density chosen for the subsequent experiments. The method of Burnell and Kirby (1951) was found to be suitable for this purpose. Primary and replica plates of serial tenfold dilutions of a broth culture were prepared in the manner just described. As soon as the plates REPLICA PLATING IN STUDY OF ANTIBIOTICS had dried a sample was taken from each plate by punching out a disc of agar with a cork-borer 1 cm. in diameter. Each disc was dropped into a test-tube (150 mm. x 16 mm.) containing 5 ml. of broth; the tubes were shaken vigorously at once and incubated in a water-bath at 37' C. The development of turbidity in the tubes was recorded at 20-min. intervals in an absorptiometer. Turbidity curves were plotted for each tube, the point of 50% maximum turbidity determined for each curve, and a note made of the time taken for this degree of turbidity to be reached.
Burnell and Kirby showed that this value is proportional to the number of viable organisms inoculated into a tube. Fig. 3 . The lethal action of aureomycin and penicillin on the staphylococcal inoculum has been virtually complete and the diameter of its zone is as large as that of the inhibition zone on the primary plate. The zone of lethal action of chloramphenicol is also equal in size to its inhibitory zone but the bactericidal effect is markedly less than that of the other two antibiotics.
The degree of lethal action may be estimated by comparing the size of the replica zone with that of the inhibition zone and by comparing the colony density within it with a reference chart similar to Fig. 2 . The bactericidal effect is recorded as + when no more than a few colonies develop within the zone (approximately 1 in 10,000 survival) and ± for more crowded, discrete colonies. Semi-confluent or greater growth is taken to indicate no significant bactericidal effect. For example, the lethal effect of aureomycin and penicillin in Fig. 3 would be recorded as + while that of chloramphenicol would be ±. Thus a simple visual assessment is afforded of the bactericidal action of a drug on a given strain.
This method has been used to test the action of seven antibiotics against 65 strains of bacteria of different species. The detailed results will be reported later, but certain aspects of interpretation which arose during the investigation must be pointed out. In considering them the dynamic nature of the diffusion system should be borne in mind. Humphrey and Lightbown (1952) have shown that with the concentrations used the amount of antibiotic rises near the central disc during the first hour to a maximum of some 10 or 15 times the minimum inhibitory concentration. It then diminishes steadily as outward diffusion occurs until at 20 hours it has fallen to a value of about four times the minimum inhibitory concentration. Experience has shown that the boundary of the zone of inhibition becomes established after about four to five hours' incubation, and it may be concluded that the minimum inhibitory concentration is attained at this time. Fig. 4 . From this it can be seen that twice the minimum inhibitory concentration produced only a 90% reduction of viable organisms after 20 hours, while four times the minimum inhibitory concentration killed 99% within five hours and 99.9% within 20 hours. These findings support the view that if the zone of lethal action is markedly smaller than the inhibition zone, the minimum lethal concentration of the antibiotic for the organism tested is significantly higher than the minimum inhibitory concentration.
Antibiotic Interactions
The demonstration of interactions between antibiotics becomes a relatively simple matter with the technique of agar diffusion combined with replica plating, and can be carried out in a number of ways.
Method 3: "Incorporation and Diffusion System."-This method is an extension of that described in Method 1 above for the estimation of bactericidal effect. A nutrient agar plate is poured with medium containing one drug, usually in a concentration which is just high enough to inhibit the growth of the inoculum. The plate is flooded with a young broth culture and dried rapidly. A blotting paper disc containing the second antibiotic is placed on it without delay. The plate is incubated for any chosen period of time and a replica plate made. The zone in which the organisms have been exposed to the action of both antibiotics is then examined for any difference in the rate of survival compared with the rest of the plate. To give an example, an experiment was performed in which a concentration of chloramphenicol just inhibitory to the staphylococcal inoculum was contained in the primary plate. Blotting paper discs soaked in penicillin, 1, 10, and 100 units per ml., were placed on its surface and the plate incubated overnight. The replica plate made from this is illustrated in Fig. 5 , from which it will be seen that over the plate in general there is a moderate degree of survival. However, in the zones where penicillin has also acted on the organisms (which were fully penicillin-sensitive by ordinary testing) the lethal effect of the chloramphenicol is almost completely prevented, showing that there is antagonism between these two antibiotics with this organism. of penicillin, and it is clear that the antagonism is not reversed by relatively high concentrations of penicillin.
Method 4: Paper-strips at Right Angles.-This is an application of a technique originally used for serological analysis (Elek, 1949) . The principle involved is shown diagrammatically in Fig. 6 . When strips saturated with a diffusible substance are placed at right angles to each other on the surface of a plate all combinations of concentrations occur as a result of diffusion in the area shown. The only limiting factors are the original concentrations in the strips. This method has recently been used for the investigation of inhibitory substances acting on mycobacteria (King, Knox, and Woodroffe, 1953) . In practice the experiment is carried out as follows: A strip of blotting paper, measuring 5 cm. by 0.5-1.0 cm., is moistened evenly by placing it on blotting paper soaked in a solution of one drug. It is placed on the surface of a Petri dish containing nutrient agar previously inoculated with a young broth culture. Another strip containing the second drug is placed at right angles to it to form either a " T " or a cross. The concentrations of the antibiotics used should be approximately 20 times the maximum blood concentration attained with therapeutic dosage. During subsequent incubation bacteria in the angles between the strips will be subjected to different combinations of concentrations of the two drugs. After any chosen period of incubation a note is made :,LI : of the appearances of the zones of inhibition, the strips are removed and a replica plate is made.
Primary Plates (Fig. 7 ). Replica Plates.-These will reveal the bactericidal action of the combinations. The area nearest to the strip will show the effect of concentrations higher than the minimum inhibitory concentration while the outline or edge of the pattern indicates the effect of combinations near the minimum inhibitory concentration.
The possible interactions between two drugs are shown diagrammatically in Fig. 8 . One drug (A) is highly lethal and the other (B) less so. Synergism is revealed by the growth of fewer survivors in the region where the organisms were subjected to the action of both drugs. The angle between the limits of lethal action will also show a rounding off, similar to that described for the primary plate. If both drugs are highly lethal this rounding off may be the only effect demonstrable. Antagonism is indicated by a greater degree of survival in the a area of combined action, often accompanying a small tongue of confluent growth extending inwards from the angle between the limits of lethal effect.
All these combinations have been observed with various antibiotics, and photographs illustrating these findings are shown in Fig. 9 . In the interpretation of these it must be stressed that the outline indicates the effect on the whole bacterial population, and is the result of antibiotic concentrations close to the minimum inhibitory levels. The central areas show the effects of combinations significantly higher, which are acting on a lesser population-i.e., those organisms that have survived the action just described. When the discs are superimposed the replica plates show antagonism if the survival with the combination is greater than that with the more lethal antibiotic alone. Synergism is shown by effects similar to those seen with Method 4. On the whole these disc techniques are less satisfactory than the paper-strip methods, since the range of concentrations tested is more limited.
Conclusion
The final judgment of the clinical importance of the lethal action of antibiotics must rest on comparisons between therapeutic results and laboratory findings. Experience has shown that bacterial strains, even of the same species, vary widely in their response to the inhibitory action of antibiotics ; a similar variation is likely in relation to their lethal action. It is felt that the techniques outlined here offer a simple tool which may help towards a solution of these problems. Summary Replica plating may be used to provide a simple form of viable count, adequate for practical purposes. Several methods are described based on this principle and designed to reveal the bactericidal action of drugs in vitro. The methods may find applications in antiseptic testing, and may be used to assess the lethal action of antibiotics on individual strains isolated from patients and to test for antibiotic interactions.
